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Long-Ranga Pulsalength Scallng of 351nm [.asar Oamaga Thresholds

S. R. Foltyn and L. John John

Los Alamos National Laboratory
CLS-6 MS-JS64

Los Alamos. Ntl 07545

In a sarles of axparlmenis incorporating 351nm pulselengths

of9,26, 54, and fi25n5, Lt was found that laser damage
thresholds increased as (p~,lselength )x, and that the exponent
averaged 0.36 and ranged, for different samples , from 0.23-0.48.
Slmllar reeults were obtained when only catastrophic damage was
cony ldered, Samples included Al?03/S102 in both AR and HR
multl layers, HR’s of ‘5c203/SI0

f
;nd Hf02/SI0

mlrrorl 9ns thresholds were be ween 0.2-5.6 $;c:?dan“-on-pyre’
Uhen thasa data were compared with a wlda range of other

results - for wavelengths from 0,25 to 10.6 microns ●nd

pulselengths down to 4PS - a remarkably consistent picture

emerged. Damage thr~sholds, on average, lncraaae approximately

as the cube-root of pulselerqth from picosecond to nearly a
microsecond, and do SCI ragardlose of wavelength or naterlal under

test,

Key words: ~12031 catastrophic damagal coatlnw defects~ dImage
thrasholdsl exclmer lasara! Hf02! multi layer dielectric coat ings~

Pulsol@nJth scalingl SC2031 XeF lasers.

1. Introduction

Scaling of optical damaga thresholds ovar ● long pulaelength ranga has

becoma increaelngly important uith tha contlnuod dovolopmant of alectron-

team pumpad ●xclmar lasars, Pulsolongthe of e-beam devicam (0,5-2us) arc

about two ordars of magnitudo longor than of avaimlIk’-s discharge lasgr~

typically usad in tho laboratory, yet tha latter provldo tho only ral iable
metns to obtain h~gh quality, statistically significant optical damago

data,

!n ordw to dcvcloo ● capability to predict microaocond thraoholds

fron 10 nanooocend data, ● roprcsontativa set of 351nm optical coattngs was

teatad at pulsalongths from 9ns to 625ns, In addition to msasurament Of

threqhold scale factor. , kcsuos such ●s tho functional form of pu’=~length

~caling, mc~ling for catastrophic damago versus microscopic damage, and tha

lnfluonco of puloolongth on dofoct dansity waro studiad,

A w~alth of ●wporimontal pulsolangth scaling data has •p~~arad in the

Ilt@ratur@ ovar the pa-t fiftaon yaars, Sinca tho oraoant roaults cover a

prov,ousiY unoxplorwd roglon of long pulsalongth ●nd short uavalang+h, a

ourv~y of pa~t results was conductad to dotormina uhathar pulso)angth

~callng under praoant conditkon. diffsra fro~ that obtaknod previously,
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2. Experimental Condi?tons

2.1, Laser Operating Condltlons

Table }. contains a llstlng of l~ser sources and relevant operating

parameters for the four pulselengths employed In this work, The 9ns
measurements uere made in a production test facility unaer ~tandard

conditions for exciner-based testing at Los Alamos. The longer pulselength
work was conducted in an 4)dJOLnAnQ laboratory using a Slmllar hardware

configuration and methodology. The newer excimer laser in this fac~lity

was equipped ~lth high-energy electrodes , producing a 26ns pulselength and
a more nearly square beam cross section. Increasing optical feedback from
4% to values betwoon 50% and 90% more than doubled the pulselength and, Ln

the case of S0% feedback, doubled the output energy to 3!%IJ. For thase

tests, ho~ever, 90% was found to provide the ~moothe~t temporal shape with
suffkc~ent energy ( 100-lSOmJ).

The longest pulse was obtained with a commerc~al fla~hlamp-pumped dye

laser and second-harmonic ganqrator. LD-70@ in methanol provided the
fundamental frequency, which was doubled to 355nm in an angle-tuned AOP

crystal. Although the pulse repetition rate of this laser was
substantially Iousr then that u~ed for the other teats, previous re~lt~
[11 at 308nm have demon~tfat~d that ttre8h~lda are unaffected by prf

variations below 25@PPs,

Temporal profiles for aach pulselength are shown in figure 1.

Table 1, Sourcern and Tarot Conditions

.— ——

Pul~alengthe Laaaf spotsizo~ Uavolength PRF

9ns XOF ●xcimer (Lumonics 86!) 0, 44mm 3S1nn 3spp9

26n~ XOF oxcAner (Lumalicg 861T-4) 0071mm 3S1nm 35pp8

54nm XOF oxcln.r (Lumonic8 191517-4!C i3,72mm 351nm Kippa

62Sns Fr.quency-doubied dyo 0,44mIvI 3S5nm 0.spps

(Candela UU-500)

a FUHM,

b Moan diameter O 1/.2 ●nplitude.

c With 10% output coupllng,
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2, 2. Test Samples

Slx coating types were chosen for these exnerimonts to re~reaent a

realistlc cross ~ection of 351nm optics. Multllayer dielectric reflectors
Lncluded a narrow banduldth design incorporating A1203 and S102, nlus
SC203/SIO~ , and two broadband examples of HfO /S102.

?
Oesigns were all-

quarterwave with a halfwave overcoat, and emp eyed a sufficient number of
layers to achieve 99% reflectance at 351nm. In addition, an A12113/S102 AR
coat~ng wa~ evaluated, as ua~ a MgF2-overcoated ?1 rnlr:-or. Substrates for
t.t!edielectric fll~~ were fused ~llica; the Al Coating was depo~lted on

Dyre,< .

2.3. Test Methodology

Each test involved the generation of a damage probability plot

typically Incorporating data from several sample~! between 50 and 400 sites

were tested on each coating type at each pulselength. Three methods were

employed to scale results obtained at d~fferent pulselengths:

Method 1, Comparison of the 0% intercepts of linear regresslun ?it~
to the probability data?

Method 2. Comparison of the louest damaging fluonce values~

Method 3. Comparison of the lowest fluence values producing
catastrophic damage.

3, Results and Dl~cuasion

Short-pulse damage thresholds from 0.2 to S.6 J/cmz wore measured fof”

the ~LX sample types, Pe~hapa 95X of tho 351nm optics tested at LOS Alamos

fall within this range, Thresholds wore typical for the antlreflection

coating and the Al mirror, while the SC203 reflector was somewhat above

average and tha A1203 reflector wds a very desk example of this coating

tyfaa. On. roflactor using Hf02 was naar tha top of its normal ran9e, the
othor was at the bottom. Meaeurad 9ns throeholda and scale factors (ratios

of 625ns to 9ns thresholds) appear in tablo 2.

Scala factors ●r~ scan to vary aomowhat with method o? comparison.

Since tho variations ●ro largest for coating types with shallow probability
curvas , they can Iikaly ba attrlbutad to uncertainty in tha determination

of individual thra~holdg. In order to roduco tho ●ffoct of thesa

Ilncartalntioo ●nd ●lso to moro ●ccurately ropresant tha procass normally

usad te ●rntract a threshold from probability data, scalo factors in the
di$cusslon that folloua ●ra ●vwaga valuao from Mathods 1 and 2, Tha8a

mathods involva microscopic damago ●vonto! conaidoring only catastrophic

danago (Rothod 3) gives similar raoulto.
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Tabla 2. DamaQo Threshold Scale Factors: 9ns - 625ne

Coat ing 9ns Oamaga Scale Factor for 625ns Threshold
Ilatorials Threshold Method 1 Method 2 Method 3

SC~03iSA02 (HR)a 5,6 J/c# S.@ 7.5 6.7

HfO~/S102 ( HR )a 3.7 J/CR2 z.? 2.8 4.3

A1203/S102 (AR)b 1.5 J/cmz 4.2 5.4 ---

Hf02/S102 (HR)C 0.7 J/CIQ2 5.6 4.7 4.2

A1203/SI02 (HR)b 0.5 J/cm2 6.6 9.0 3.7

Al on pyrexd 0.2 J/cmz 2,4 2.9 2.9

------- ------- ------- ------- ------- ------- ------- ----.-- ------” ------------

f’hthod 1. Intorcopt of linaar regression fit.
flath~d 2. Lowest damaging fluence. .

Method 3. Louast fluonco for catastrophic damags,

::
co

d,

IntWOPtiCSo Ltd.
eroomar Rosaarch Corp.

laser Optics, Inc.
Plawport Corp.

Oamags th~asholds at ●ll four pulaolmgths ●ro summarized in figura 2,

Pouttr-law f~ts ~ndicato that thr-chold lmprovomont ulth Dulsolangth raneas,
fo,. different ~a~p~~ typam, from ● fourth-root te a a~~ara-root dapmdanca.
7hcl=g 10 ne corralat~on bctmon thaso scaliflg rotaa and ●ny raadlly

apo,irant or moasuraabla prapgrty of tha coatings ouch ●s index, threshold,
b#nljQap [21, or raflactanco. A particularly good ll~ustration of this is
th~ two ●rnanploo of Hf02/Si02, uhlch ●ro ●oaontially idontlcal dasi~na
proliucad bv diffaront wndorm, ●nd uhich hava markadly diffwmt scaling
bohiivior,

Anothor obsorvad difforonca batwoan coating typos uaa ● chanqo (n the
dsntjty of damag.-prono dafocts for 9ns vormo 62Sns PUISOO, Stnco tlw
teat tipotalzo for thaw two pulmlmgth. was idontlcal, O1OPOS of tho
probability eurv~s ●ra dir~ctly ralatad to dafact Analty [3). For th~

A1203/Si0

f

rafloctor of figura 3, S1OPOS ●ro nearly idmtical ●ttw fluoncm
Scalingl hia iwpllao that tha dsfact dansity is tha tan. for both

pulsolongtho. For tha ●ntirofloction coat~na of tho aano natarlalo (fig,
4) tl~ay ●ra notably dlffwant, indicating ● hLghw donoity for the shortor
pulsticngth. Half of tho aix coating typ~o ●xhlbitcd no density variatLon
with puloolanqth uhil., for th. othaf half, short-pul.a dofact dan.itioa
wara Z-6X highar, Again, thoaa variation in rlofact dmoity wars



. Iuncorrelated ulth scallng rates or other readily apparent coating
properties.

4, Comparison with Other Data

Figure S is a compilation of publ~s}hed scaiing results at 351-3S5nm
with thresholds normallxed to 10ns. In addition to the present work, three

Independent data sets are Lncluded:

14 A quarterwave single layer tested at 35Snm with 20Ps and 27ns

pulselengths [4];

-! Eight materlais in various thickness Single-layers tested at 3S3nm
;lth Sns and 15ns pulaelengths [511

3* Five I+R and four AR coatings te!$ted at 351 or 35Snn with
pulselengths of 0.6, 1, S, and 9ns I’61.

The res 1 ~ are remarkably consistent.
!m

From 0,6ns to 625n~ average
scaling 19 t . For the Walker, Rainer, and present results, both fast
(0.S-0.8) and S1OW (0.0-0.2) scaling exponents were obser~ed.

Extending this comparison further is a listing, In table 3, of test

date covering wavelengths from 248nm to 10.6uM and more thn five decades

In pulselength [4-14]. Again, the result:s are remarkably consistent.

Uhlle scaling exponents for ~nd~v~dua~ tests Very ~ide~y, the average

scaling rate h s a nearly constant value from 4PS to 625ns. Thresholds
Lmprove as t0$3-004 for picosecond pulses, and continue to do so for

pulselengths up to a m~crosecond. It is apparent from Lhts compilation

that cube-root scaling - as opposed to aquara-root - is a more accurate

rule of thumb for the effect of pulaelen~th on damage threshold,

One final observation is illustrated bv the 20PI! datum of Newnam in
figure S. Although this point falls within the error bars for an
Lndlvldual meaauremant , its poa&tlon ralativa to the other data suggests an
inflgctlon at about Ing, Such in?loetions - as well as other forms of non-

pouer law behavior - have boon uredictod in both inclur+ion (!S-171 and

avalanche [181 models gf da fia?a. Typically the inflection or c rveture IS
Yimvoked to reconcilo t dopont,~nce for short pulsolengths and t dependence

for long ones, from picosecond to microsecond pulae~engths, this

transition from a constant flunnce regime to nno in which the damagin~
?Leld LS constant ia ●xparlm~ntally un~upportod: A stmpla power law

relationship provid.c ● good Ascription of uxperimantal results over the

entire rang..
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Table 3. Pulselength Scallng Comparison

Wavelength Pulselength Scaling Exponenta
Reference (urn) Range (ns) Range Average

Solleau [71 1,0s 0. t)04 - 0,008 0,0 - 0.5 0,3

Bllss [81 0.69 0.020 - 23 0,4 - 0.5 0,4

Newnam [41 0,36 0.020 - 27 0,2

Solleau [71 0,53 0,03 - 0.15 0.1 - 0.9 0,7

Deaton [91 0,27 0.1 - 0.7 0.0 - 0.7 0,3

Mllam [101 1.06 0.17 - 3.2 0.3 - 0.5 0,4

Lowdermilk [Ill 1,06 0.17 - 3.5 0.0 - 0.s 0,3

Rainer [61 0,36 0.6 - 9 0.1 - 0.5 0.3

Mllam [!21 1.~6 1 -9 0.3 - 0.6 006

Newnam [131 10.6 1.7-6s 0,2 - 0.3 0.3

Ualker [s1 0,27 5-15 0.O - 1.0 0.s
0,36 5-15 0.0 - 0.8 0,5
0,S3 S-15 0.0 - 0,8 0.5
1.06 5-1s 0.0 - 0.7 0,3

eoyar [141 0,25 10 - 38 0.2 - 0.5 0,3

This Work 0,3S 9- 625 0.2 - 0.s 0.4

a The value of x in tho relationship: threshold fluance 00 (pulselength)x

5. Conclusions

In tooting six 3Slnm coating typos, damago thrcsholdo ugra found to

Lncroaso - from 9ne to 62Sns - at ● rat. v~rying from the fourth-root of

pulstlmgth to tho square-root. The increaa. was the sam~ for both

catastrophic and microscopic da~cgo, and was not correlat~d with any

readily appaetnt optical or physical proparty of the coatings,

A rovigw of publishad puloglsngth scaling data inaicates that tha

prasant work LS consisiant with earlier findings: From tl,a uv to the mLd-

:r, ●nd frnm picoeaconds to a microsecond, fluanca thresholds inprove u
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~E as the cube-root of pulselength, while individual samples may scale
quite differently.

This wide range of scaling rate~ severely limlts the ability to
accurately predict individual long-pulse thresholds from
/+s an e,xample,

;hOrt-Pu190 data
the present results indicate that a 3 J/cm coating at 9n~

.

can be expected to have a threshold anywhere between 9 and 29 J/cm 2 at 1u9,

The authors wish to acknowledge the assistance of Bill Leamon who

produced most of the 9ns test results and also contributed to the testing

at longer pulselengths.
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FIGURE CAPTIONS

Figure 1. Oscilloscope traces and FWHMvalues for each of the pulselengths
used in this work,

Figure 2. Damage thresholds at 9, .26, 54. and 625ns pulselengths for six
different 35:nm coatin~ types. Slopes of the lines, which represent best
linear regres~ion fits to the data, lndlcste that thre~holds scale at rates
ranging from fourth-root to square-root of the pulselength.

Figure 3. Damage probability plots for the Ala03/Si02 reflectors at 9ns
and - with scaled fluence values t- 625ns Eulse engths. After scallng, the
slopes are near~i Identical indicating equal defect densities at each
pulselength,

Figure 4. Probability Dlots for’ fi1203/SiO~ antire?lection coatings. The
steeper slope for 9ns Lndlcates a Gx higher density of defects for the
shorter pulses,

Figure 5. ~esults of this work plus three other 351-35Snm data sets (refs.

2-4 ). All thresholds are normalized to 10ns. Symbols represent ?verage
scallng for each data set; error bars represent extreme scaling values for

each set. Solid line i ~icates the weighted average ~caling for the range
0.6-6ZSns , uh,chis t“”sz. The dashed line lndicate~ the slope appropriate
for square-root scaling.
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PULSELENGTH SCALING OF 351/355 nm
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